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Abstract
The interaction of spatially structured light fields with atomic media
can generate spatial structures inscribed in the atomic populations and
coherences, allowing for example the storage of optical images in atomic
vapours. Typically, this involves coherent optical processes based on Ra-
man or EIT transitions. Here we study the simpler situation of shaping
atomic populations via spatially dependent optical depletion. Using a near
resonant laser beam with a holographically controlled 3D intensity pro-
file, we imprint 3D population structures into a thermal rubidium vapour.
This 3D population structure is simultaneously read out by recording the
spatially resolved fluorescence of an unshaped probe laser. We find that
the reconstructed atomic population structure is largely complementary
to the intensity structure of the control beam, however appears blurred
due to global repopulation processes. We identify and model these mech-
anisms which limit the achievable resolution of the 3D atomic population.
We expect this work to set design criteria for future 2D and 3D atomic
memories.
1 Introduction
The drive towards communication systems with increasing data capacity and
density has led to an interest in utilising the spatial degree of freedom as ad-
ditional information career. For optical communications this is most readily
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achieved with spatial light modulators (SLMs) and digital micromirror devices
(DMDs), displaying computer-generated holograms that control the phase, in-
tensity and even polarisation proﬁle of laser beams [1, 18, 2, 3, 4, 5, 6, 7, 8].
Shaped laser beams are of interest in a number of diﬀerent contexts including
quantum communication [9, 10], optical trapping of microparticles [11, 12] as
well as cold and ultracold atoms [13, 14, 15, 16, 17].
While advanced techniques already exist for the generation of spatial light
structures, the development of appropriate atomic interfaces is paramount for
image based quantum communication networks. Recent experiments have demon-
strated the control [19, 20] and storage of two-dimensional quantum images in
room temperature [21] and cold [22, 23, 24] atomic gases. A related technique
based on wavevector multiplexing presents an alternative promising atomic
memory [25], and the shaping of quantum degenerate gases has been demon-
strated as an enabling tool for atomtronic applications [26].
In this work we demonstrate the mapping of 3D intensity structures onto 3D
atomic population structures via spatially dependent optical depletion, and read
out the 3D population distribution in a technique similar to electron shelving
[27, 28, 29]. This extends the concept of 2D images to 3D sculptures, for both
light and atomic medium. Access to the 3rd dimension eﬀectively reveals 2D
phase information, so that our (incoherent) 3D intensity mapping may oﬀer an
alternative to ’traditional‘ quantum memories, storing 2D phase and amplitude
information. As amplitude information tends to be more robust than phase
information [30] this may increase possible storage times.
2 Method
By deﬁning the phase and amplitude of a light ﬁeld in the plane of an SLM,
its propagation in 3D is completely determined. For most applications it is the
light proﬁle in a single plane that is of interest, however here we are concerned
with the full 3D structure of the light. A wide range of 3D structures can be
realised, as long as they obey Maxwell’s equations [32], and more complicated
light sculptures could be generated by using the interference between multiple
(e.g. counterpropagating) beams [33, 34, 35, 36, 37].
We use a 3D structured light beam to shape the local population distribu-
tion of an atomic vapour via optical depletion. We can read out this generated
population structure from the ﬂuorescence of an unstructured probe beam, as
shown in Fig. 1a). More speciﬁcally, we encode spatial information as popula-
tion imbalance between the two hyperﬁne ground states 52S1/2 F=2 (denoted
as |0〉), and 52S1/2 F=3 (|1〉) in rubidium-85. The continuous-wave control laser
is tuned to the D1 transition at 795 nm, and shaped holographically in phase
and amplitude by an SLM. Population is transferred from |1〉 via |C〉 to |0〉 by
resonant excitation with the control laser and subsequent spontaneous decay
with a branching ratio of ≈ 2 : 1. We detect the remaining population in |1〉 by
observing the ﬂuorescence of the continuous-wave probe laser tuned to the D2
transition at 780 nm. Note that the probe beam drives a cycling transition, and
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Figure 1: a) Simpliﬁed energy level scheme of Rb85 showing spectroscopic no-
tation. D1 and D2 transitions are shown in red and blue, respectively. b)
Interpretation in terms of electron shelving. Detecting ﬂuorescence of the probe
light reveals that the atom is in |1〉, the absence of ﬂuorescence indicates that
the atom was transferred from |1〉 to |0〉 due to excitation by the control beam
and subsequent spontaneous decay.
hence does not transfer atoms between ground states except through spurious
oﬀ-resonant pumping, which occurs at a rate three orders of magnitude slower
than the probe transition. The observed ﬂuorescence (or absence thereof) in-
dicates that the atom is in state |1〉 (or state |0〉), as indicated in Fig. 1b)
.
This procedure can be understood as a 3D analogue to electron shelving, a
ubiquitous technique in ion and atom trapping which can probe the quantum
state of an individual atom by testing the ﬂuorescence on a cycling transition.
More speciﬁcally, an atomic quantum state inscribed as a superposition of two
ground or meta-stable states |0〉 and |1〉 may be determined by inducing Rabi
oscillations between |1〉 and a short-lived excited state |P 〉 with a probe laser,
and monitoring its ﬂuorescence. Unlike typical electron shelving applications we
do not, of course, generate coherent superpositions as our population imbalances
are due to optical pumping.
Initially, in the absence of light, the atoms are distributed between the hy-
perﬁne ground states |0〉 and |1〉 at a ratio of 5:7 according to their degeneracy,
P0 = 5/12 and P1 = 7/12. In the presence of the control beam, the local pop-
ulation distribution is altered as a result from two competing processes. The
number of atoms in |1〉 is depleted depending on the local intensity of the control
laser, and it is repopulated by atoms drifting back into the observation region
after collisions with the cell walls. We now consider these two processes in more
detail:
Atoms in high intensity regions of the control beam are transferred rapidly
from |1〉 to |0〉 where they no longer interact with either the control or probe
light. Conversely, in regions where the control beam has zero intensity, atoms
remain in |1〉. The populations could be derived from spatially dependent opti-
cal Bloch equations, but for our purposes it suﬃces to consider optical pumping
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in terms of rate equations. The spatially dependent depletion rate of the upper
ground state |1〉 is given by − ddtP1 =
d
dtP0 = RcP1, where Rc is the scatter-
ing rate of the control laser. In a warm atomic gas, Rc has been derived for a
2-level atom [38], and more recently was experimentally observed in the pres-
ence of optical pumping [39], but in both cases without considering any spatial
dependence. In our case the scattering rate is
Rc(r) =
2
6
Γλ
4
√
3πkbT/mRb85
Γ
2
I(r)/IS√
1 + I(r)/IS
, (1)
where I(r) is the local intensity of the control beam, T ≃ 293 K the temperature
in the cell,mRb85 is the mass of a rubidium 85 atom, λ = 795 nm the wavelength,
IS = 4.49 mW/cm2 the saturation intensity and Γ = 2π × 5.75 MHz [40] the
decay rate. The leading factor of 2/6 comes from the branching ratio and relative
pumping rate between the probe and control beams, reﬂecting the probability
for an atom to decay to |0〉 rather then back into |1〉.
For cold, stationary atoms even a minute intensity of the control laser would
lead over time to a complete depletion of P1. For the moving atoms in our
vapour, the local population P1 is constantly replenished due to atoms drifting
into the observation region from outside of the control beam. Since the density
of the gas within the cell is low (on the order of 10−8 Torr), the mean free path
between atom-atom collisions is on the order of kilometres and atoms travel
along straight lines. Collisions with the cell wall ’reset‘ the atomic populations.
On the path from the cell wall towards the local observation region atoms may
need to traverse the control light ﬁeld and therefore may be partially depleted
before reaching the observation region. While depletion is dictated by the local
control laser, repopulation is a more complex process that depends on the global
control beam structure as well as the transverse velocity of the atoms.
In order to calculate the overal repopulation rate it is suﬃcient, to ﬁrst order,
to consider atoms travelling in a plane transverse to the beam propagation. As
our control laser is resonant with stationary atoms, any axial velocity will lead to
a Doppler shift that reduces the optical pumping rate. Detecting the population
P1 requires both control and probe laser to address the same velocity class of
atoms within a narrow detuning band which we measured to be approximately
40 MHz wide, corresponding roughly to the convolution of the probe and pump
line shapes. Considering atoms travelling within the plane perpendicular to the
light propagation along a straight path from the cell wall to the local observation
region, we can express the variation of P1 as a combination of depletion and
repumping, as
dP1
dr
=
−P1Rc
vr
, (2)
where vr =
√
2kbT/mRb85 is the most probable transverse speed of atoms.
Integrating this equation, considering all the directions an atom can travel along
and extending to 2D one ﬁnds that the |1〉 population at a position (x, y) in a
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plane transverse to the beam propagation can be expressed as
P1(x, y) ∝
7
12
2π∫
0
dθP1,θ(θ),
withP1,θ(θ) = exp


wall∫
0
dr
−Rc(r cos θ + x, r sin θ + y)
vr

 .
(3)
Here θ and r are polar coordinates deﬁned with respect to the origin at (x, y) and
the prefactor of 7/12 is the initial P1 population. The result of these processes
is that the population in the upper ground state acquires a spatial structure
that is inverse to the control beam shape, modiﬁed due to globally sampled
repopulation. We note that the derivation of 1 takes into account the full
Maxwell-Boltzmann distribution, but we ﬁnd using the most likely transverse
speed vr in 3 suﬃces to simulate our experimental observations.
We verify the 3D intensity structure of our control beam as well as the result-
ing 3D population structure from spatially resolved ﬂuorescence measurements
of the shaped control beam and an unshaped probe beam resepctively. We
have recently shown that a 3D light structure can be tomographically recon-
structed by observing its ﬂuorescence from a (uniform) atomic vapour [31]. In
our previous work, and here for the veriﬁcation of the control beam structure,
the atoms simply provide a passive scattering medium. For our current work we
are instead interested in the 3D population structures which arise as a result of
optical pumping between the atomic levels. We can reconstruct this 3D atomic
population distribution pattern by observing the ﬂuorescence of a uniform probe
beam at a diﬀerent frequency.
The probe beam drives the cycling transition between |1〉 and |P 〉 as shown in
Fig. 1b), and co-propagates through the rubidium vapour cell with the control
beam. Its proﬁle is a truncated Gaussian, ensuring a relatively uniform beam
intensity across the observation region. The probe beam ﬂuorescence is propor-
tional to P1Rp, where P1 is the spatially varying population of |1〉 and Rp is the
scattering rate of the probe beam. This scattering rate is identical in form to
Rc in Eq. 1, a saturation intensity IS = 3.90 mW/cm2, decay rate Γ = π× 6.07
MHz and a prefactor of 1 corresponding to the branching ratio for this cycling
transition. By recording the spatially varying ﬂuorescence and applying the
tomographic techniques outlined in [31] we can therefore non-destructively map
out the 3D population structure of P1. In our case, for a relatively uniform probe
beam intensity, the probe beam ﬂuorescence corresponds directly to the pop-
ulation in |1〉, but more generally could also be inferred from a reconstruction
using based on a non-uniform probe beam with a known proﬁle.
3 Experimental results
The experimental setup is shown in Fig. 2. Both home-made external cavity
diode lasers are locked to their respective transitions via Doppler-free spec-
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troscopy. For ﬁne frequency control the probe beam passes through an acousto-
optic modulator (AOM) in double-pass conﬁguration. The control beam is
diﬀracted oﬀ an SLM (Hamamatsu LCOS X10468) displaying a computer-
generated hologram [6]. The diﬀraction order containing the shaped beam is
selected by an aperture in the Fourier plane of the hologram. The control and
probe beams are expanded to a diameter of approximately 10 mm and 12 mm
respectively and combined on a non-polarising beam splitter to co-propagate
through a vapour cell containing thermal rubidium. Both beams pass through a
circular aperture, the size of which is chosen such that the control beam barely
passes through and the probe beam is truncated to approximate a ﬂat top beam.
This is done to limit probe beam ﬂuorescence from regions containing no infor-
mation, since this ﬂuorescence would reduce the contrast of the recorded images.
The vapour cell is imaged from the side by a camera through a bandpass ﬁlter
centred on 780 nm with a bandwidth of approximately 10 nm. The imaging
lens (f=16mm, NA=0.6) was selected such that the depth of ﬁeld is suﬃcient
to sharply image the whole beam volume.
We demonstrate the atomic depletion due to diﬀerent control beam inten-
sities in two experiments, one with a cross-section in the form of a yin-yang
symbol, shown in Fig. 3a), and one with a ring proﬁle with azimuthally increas-
ing intensity, in Fig. 3c). In each case we report the simulated and measured
ﬂuorescence of the control beam, indicating the optical information, and the
resulting ﬂuoresence of the unshaped probe beam, indicating the resulting pop-
ulation structure. In order to compare the measured proﬁle to our model we
numerically evaluated Eq. 3 using the ideal control beam proﬁle and a truncated
Gaussian probe beam proﬁle, which matched our measured probe beam proﬁle.
For simulated (Fig. 3 a) and b), e) and f)) as well as for observed beam proﬁles
(Fig. 3 e) and f), g) and h)) we see that the control and probe ﬂuorescence are
complementary to each other, indicating a controlled population transfer from
|1〉 to |0〉. Note that in dark regions of the control beam which are surrounded
CONTROL
@ 795 nm
AOM
Aperture
QWP
QWP
Camera
PROBE
@ 780nm
PBS
NPBS
Rb cell
Bandpass filter
SLM
Figure 2: Schematic diagram of the experimental setup. AOM: acousto-optic
modulator, QWP: quarter waveplate, (N)PBS: (non-) polarising beam splitter,
SLM: spatial light modulator.
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Figure 3: Simulated and reconstructed cross-sections from a control beam with
a yin-yang symbol proﬁle (a, b, e, f) and a linear azimuthal intensity ramp
(c, d, g, h), measured in the image plane of the SLM. a,c) Desired control
intensity proﬁle. e,g) Corresponding reconstruction from ﬂuorescence of the
control beam. b,d) Simulation of probe ﬂuorescence indicating population in
|1〉. f,h) Measured probe ﬂuorescence reconstruction. i) Unwrapped control
(red) and probe (blue) ﬂuorescence proﬁles, individually peak-normalised, at
a ﬁxed beam radius corresponding to the red dashed circle in c). Error bars
represent the standard deviation calculated from 10 cross-sections and solid lines
are simulations.
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by light, the remaining population in |1〉 is highly reduced, even though there
is no control light in these areas. This limits the range of population patterns
that can be inscribed onto a thermal vapour by limiting the contrast achiev-
able between high and low population regions. This eﬀect is reproduced in our
simulations, with good agreement between the expected and measured cross-
sections. This can be seen more quantitatively in Fig. 3i), showing the polar
plots for the ring shaped control beam. The population distributions (shown
in blue) mimick the inverted control light proﬁle (shown in red), but appear
blurred. As mentioned before, we believe that the blurring originates from the
repopulation rate which samples the global control beam structure. The blur-
ring depends implicitly on various factors, included in our model via equations
1 and 3, which in combination limit the resolution of population patterns that
can be imprinted onto a thermal vapour. These include the intensity proﬁle
of the control beam and positioning within the vapour cell, its detuning, the
temperature and velocity proﬁle of the atoms, and of course the excitation and
decay channels determined by the speciﬁc atomic level structure.
Our model allows us to demonstrate the inﬂuence of diﬀerent factors on the
expected blurring, the most important being beam shape and atomic tempera-
ture, shown in Fig. 4a) and b) respectively. We investigated how the population
contrast changes at the position of a dark core which is surrounded by a varying
amount of light intensity. We simulated the population patterns generated by
a ﬂat-top control beam with a central dark core of varying radius R, where the
outer beam radius was ﬁxed at 0.5 cm and the local intensity was 0.1 IS. We
deﬁne the contrast as the population P1 in the beam centre minus the minimum
population within the bright control beam area. Without a hole, there is of
course no contrast, and we see that the population P1 in the centre is reduced
compared to the outer sections of the beam, as fewer undepleted atoms reach
the beam centre. With increasing dark core radii, the contrast initially increases
until it peaks at a radius of approximately 0.3 cm. For larger dark core radii the
contrast decreases again because the amount of control light is not suﬃcient to
eﬀectively pump atoms into P0 during the transit across the bright ring. Sim-
ilar eﬀects are at work also for more complicated beam shapes, including the
yin-yang pattern and azimuthal intensity pattern discussed in Fig. 3.
Fig 4 b) shows simulations using the control beam of 4 a), with a ﬁxed core
radius of R= 0.3 cm, at various atomic temperatures. We ﬁnd that at very low
temperatures, below approximately 20 K, the contrast is low. This is because
the slow-moving cold atoms will spend a long time within the control beam and
will be very eﬃciently transferred to |0〉, so that atoms in |1〉 do not reach the
dark core. For higher temperatures, i.e. above around 100 K, contrast is low
again because the fast atoms do not spend suﬃcient time in the control beam
to be transferred to the lower ground state. There appears to be an optimal
temperature range, close to 50 K, where maximum contrast can be achieved for
the beam parameters used here. We note, however, that for a diﬀerent set of
parameters, such as intensity and beam shape, this optimal temperature will
take a diﬀerent value. We also note that all our experiments and simulations
are based on CW control and probe beams, and don’t reﬂect depletion processes
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Figure 4: Normalised population contrast as a function of varying a) dark core
radii R in a ﬂat-top control beam and b) temperature. In a) radii R are ranging
from 0 cm (shown in dark blue) to the full beam radius of 0.5 cm (cyan) at
a temperature of 300 K. In b) the temperature is ranging from 1 K (shown in
red) to 300 K (yellow), for R=0.3. Fits show as black lines are smoothed spline
interpolations calculated from 15 data points in both ﬁgures. Inset i) shows
the control beam shape, indicating the deﬁnition of R. Insets ii) and iii) show
population pattern cross-sections through the centre of the control beam.
in applications using a pulsed control beam.
Finally we note that our method allows us full access to the 3D structures
of the control light and the resulting imprinted population structures. In Fig. 5
we show full 3D structures of control and probe ﬂuorescence. The control beam
cross-section used in Fig. 5a) was a 3-by-3 grid of discs. Both the control and
probe beams were focussed by a lens with focal length 50 mm placed immediately
before the vapour cell. In Fig. 5b) the control beam was an optical Ferris wheel
[41], focussed by a 75 mm lens. The 3D structures are plotted as isosurfaces
constructed from 175 peak-normalised cross-sections. As can be seen in the
sample probe ﬂuorescence cross-sections the eﬀects discussed above have varying
degrees of importance on diﬀerent scales. For large beams and relatively low
intensities the population pattern approximates the inverse of the control proﬁle
reasonably well. However, as intensities increase and the beam sizes decrease
the blurring eﬀect leads to a loss of contrast, and the imprinted patterns diﬀer
from the inverted control beam.
It is worth noting that scattering rates are sensitive to light polarisation
which we do not take into account here. However, since we do not control
magnetic ﬁelds at the detection cell the magnetic ﬁeld of the Earth sets the
quantisation axis for the atoms, relative to which polarisation axes are deﬁned
in the frame of the atoms. We ﬁnd that this magnetic ﬁeld has components
along the x, y and z axes deﬁned by the polarisation of our lasers and their
propagation direction,and as a consequence the polarisation of the lasers in the
experiment have no strong eﬀect.
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Figure 5: Full 3D reconstructions of the atomic population structure arising
from depletion via structured control light beams. The control beams had a
cross-section of a) a 3-by-3 array of discs and b) an optical Ferris wheel, propa-
gating in the −z direction. Observing the scattering of the control beams allows
us to visiualise the light ﬁeld structure (top panels). Observing the scattering of
an unshaped probe beam allows us to reconstruct the resulting population struc-
tures in |1〉 (bottom panels). The dimensions of the boxes are approximately 1
cm x 1 cm x 7 cm. Propagation distances z are measured from the focus. For
clarity, isosurfaces were plotted at intensities indicated in the colourboxes. For
clarity we also show sample cross-sections.
4 Conclusion
We have demonstrated the inscription of three-dimensional atomic population
structures in two hyperﬁne ground states of rubidium. We achieve this by de-
pleting the upper hyperﬁne ground state with intensity structured light, and we
read out the resulting population structure by spatially resolved ﬂuorescence
measurements. We ﬁnd that the achievable resolution of the population pat-
tern depends on the interplay of local depletion through the control beam and
repopulation that is inﬂuenced by the global shape of the control beam. We
model these processes using rate equations and ﬁnd good agreement between
simulated and observed population patterns. Our work indicates that optical
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pumping and repopulation play an important role for the propagation of spa-
tially structured light through atomic media, and similarly for the storage of
images or 3D light patterns within atomic gases.
In our work, the light structures as well as the atomic population structures
represent 3D digital (i.e. not complex) information. It is interesting to note
that access to 3D intensity information eﬀectively gives access to 2D phase in-
formation, and our suggested technique may oﬀer an alternative path to access
complex 2D information. More generally, however, our method could also be
extended to phase-coherent imprinting techniques for true quantum systems,
storing 3D quantum information in quantum degenerate gases or even the spa-
tial structure of individual atoms or ions. Our current work demonstrates a
ﬁrst step towards such 3D image memories, imprinting optical information into
3D population structures of a room temperature rubidium vapour, with the
individual atoms act as transient qubits distributed at random positions in 3D.
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